Abstract: This paper aims to elicit insights about sustainable wearables by investigating recent advancements in wearable technology and their applications. Wearable technology has advanced considerably from a technical perspective, but it has stagnated due to barriers without penetrating wider society despite early positive expectations. This situation is the motivation behind the focus on studies by many research groups in recent years into wearable applications that can provide the best value from a human-oriented perspective. The expectation is that a new means to resolve the issue can be found from a viewpoint of sustainability; this is the main point of this paper. This paper first focuses on the trend of wearable technology like bodily status monitoring, multi-wearable device control, and smart networking between wearable sensors. Second, the development intention of such technology is investigated. Finally, this paper discusses about the applications of current wearable technology from the sustainable perspective, rather than detailed description of the component technologies employed in wearables. In this paper, the definition of sustainable wearables is discussed in the context of improving the quality of individual life, social impact, and social public interest; those wearable applications include the areas of wellness, healthcare, assistance for the visually impaired, disaster relief, and public safety. In the future, wearables will not be simple data trackers or fun accessories but will gain extended objectives and meanings that play a valuable role for individuals and societies. Successful and sustainable wearables will lead to positive changes for both individuals and societies overall.
Introduction
In recent decades, wearable technology has ignited a new type of human-computer interaction with the rapid development of information and communication technology. Wearable technology assigns the attributes of mobility and connectivity to users so that users can access online information conveniently and communicate with others (or other things) immediately while moving [1] . The technology is characterized by "wearable", as its name implies in contrast with the concepts of simply holding portable compact computing devices. Wearable computers are inherently different from portable computers such as sufficiently small laptops or separated desktop computers; accordingly, it is highly important to understand the value that can be acquired from using wearable technology by users. An early experimental study conducted by Steve Mann, one of the pioneers in wearable technology, started by strolling around the street carrying a computer and wireless equipment that looked cumbersome and heavy [2] [3] [4] . In contrast with current wearable devices, which are light, unnoticeable, and beautiful, early wearable devices looked entirely different, but the wearable concept was clearly exhibited by "wearing" the devices on the user's body to extend the user's mind and body practically [3] .
Today, wearable technology has faced a critical challenge. In contrast with the positive prospects of wearables from various sectors in its early days when wearable technology started being commercialized, many survey results show that its proliferation rate into public society has not met expectations [5] [6] [7] [8] . The results found that one-third of American consumers who have owned a wearable product stopped using it within six months. Moreover, half of them no longer use it while one in 10 American adults own some form of wearable devices. What is the problem with wearables? To expand its use with the public, it is necessary to pay attention to the essential principle of wearables-that they should be closer to users' daily lives than any other devices. Nonetheless, the meaning of the term "wearable" tends to be mentioned as only the restrictive definition, which is fitness tracking devices that are accessorily used to maintain individual health status worn on a wrist. Major wearable devices such as smartwatches and fitness bands that have launched in the market up until today include the features of activity tracking and the functional sensing of biometric information such as the heart rate and body temperature. Services provided by wearable devices can display not only the current heart rate and activity but also how many times the user turned over during sleeping. However, apart from whether these functions and services are universal requirements from a user's perspective, it is not yet clear whether these functions and services are appropriate applications for the effectiveness of wearable devices. For example, although collected information is displayed in some applications that work with smartphones, merely listing the measured data is not sufficient to maintain the use of wearable devices. The issue of the effectiveness of wearables is one of the claims raised from the early days of noticeable product launches in the market up until now. Donald Norman, a cognitive scientist and pioneer in applying human cognition to design, mentioned that "much of what is being done with wearable devices is happening simply because it can be done [9] ". What Norman pointed out is that the current wearable technology trend mainly focuses on core technology development while ignoring practical extensions of mind and body through technology, which is an essential inherent objective of wearable technology. Nonetheless, it is now quite promising that more researchers and companies are focusing on researching wearable applications and services that can provide the best value from the users' perspective.
In this paper, human-oriented wearables that focus on the value of sustainability, sustainable wearables, will be discussed, with particular attention on recent case studies into wearable technologies and services that seek to improve the quality of life, which include social impact and public interest ( Figure 1 ). Sustainable wearables defined in this paper refer to the wearable technology and its applications with a value of sustainability having a positive impact on the improvement of quality of life, social impact and the public interest. Although a large number of studies have been published about various wearables, this paper will focus on innovative and experimental case studies rather than existing commercial technologies that exhibit limited applications of said wearables. This is because we are aiming to discuss how continuously evolving wearables influence positively on human life and environment through the keyword of sustainability. technology and its applications with a value of sustainability having a positive impact on the improvement of quality of life, social impact and the public interest. Although a large number of studies have been published about various wearables, this paper will focus on innovative and experimental case studies rather than existing commercial technologies that exhibit limited applications of said wearables. This is because we are aiming to discuss how continuously evolving wearables influence positively on human life and environment through the keyword of sustainability. 
Technological Trends in the Field of Wearables
Monitoring and measuring physical activities and physiological statistics, sensing environmental status, real-time data collection, alarming and communication, and manipulating and controlling external systems are some of the wearable applications included thus far. Furthermore, many innovations will be investigated to accommodate all issues about users' requirements not only for professional jobs such as medical doctors or firefighters but also for the vulnerable such as disabled persons and the elderly for future wearables. Not only the interactions between humans and computers and between humans and machines but also all the demands from existing data analysis, context-aware technology, wireless sensor networks and intelligence ambient applications to adaptable user interfaces are at the center of innovations. In this regard, this chapter briefly describes the main technological trends in the current wearable technology fields ( Figure 2 ). Wearables can have various technical areas, but four primary technical keywords of wearables are selected in this paper. The keywords are based on the report by LexInnova Technologies, the patent analysis company. After analyzing applications and the trend of registered patents using its exclusive patent analysis tool, LexScore™, LexInnova has classified the major technology areas of wearables on the basis of the data [10] . From the results of this report, we have selected human data tracking, human big data analyzing, Internet of Things, middleware for wearables as the main keywords for wearable technology development. 
Quantified Self as Human Data Tracking
Wearable devices and sensors have been developed to track physical body information. A variety of wearable devices have been launched in the market to achieve various purposes with the development of sensing technologies. One typical example is an application that constantly measures movement distance and movement conditions of users over time through motion sensors included in wrist-wearable devices, and displays the measured results [11] . Moreover, measuring the intake and consumption of calories, tracking sleep, postural correction, blood pressure, and heart rate are the most fundamental applications of the current wearables field. As such, wearable applications 
Wearable devices and sensors have been developed to track physical body information. A variety of wearable devices have been launched in the market to achieve various purposes with the development of sensing technologies. One typical example is an application that constantly measures movement distance and movement conditions of users over time through motion sensors included in wrist-wearable devices, and displays the measured results [11] . Moreover, measuring the intake and consumption of calories, tracking sleep, postural correction, blood pressure, and heart rate are the most fundamental applications of the current wearables field. As such, wearable applications started by quantifying various human activities (consciously or unconsciously) numerically in daily life. Over the past few years, more wearable devices have been introduced according to their purpose with increasing performance. As a result, the demand for them to quantify individual daily lives by themselves has increased [12] . Along with this demand, more studies of the methods to improve the quality of life by analyzing individual conditions have been conducted for application in real life, which is called the quantified self. Targets whose movements are tracked include various types of personal information such as physical activities performed and environmental information [13] .
Various types of sensors have been mounted on commercially available wearable devices. Wearable sensors are used to collect data about physical activities and physiological status for monitoring user conditions. Basically, inertial sensors including three-axis accelerometers and gyroscopes are included in determining user movement sensing and tracking. Often, magnetometers are used along with inertial sensors to improve movement tracking. Wearable sensors perform user tracking, monitoring, and diagnosis through motion sensing and both physiological and biochemical sensing [14, 15] . Cardiotachometers that measure heart rates [16] , bio-impedance sensors that measure blood flow resistance and skin tissue [17] , and electromyography sensors that measure muscle status changes through hand movements [18] can also be employed. In addition to the above measurements, respiratory volume, skin temperature, skin conductance, and blood volume pulse can be measured through wearable devices [19] . From a design viewpoint, measurements of bodies' physiological and biochemical signals can be more complicated than physical motion tracking, since they require data collection, processing, and analysis, mainly in relation to body fluids. In this regard, much attention has been paid to sensors for physiological tracking among wearable technology studies in recent years [20] . In the past, continuous monitoring and the measurement of such physical and physiological parameters were only possible at hospitals or research laboratories with specific settings. However, the advancement and proliferation of wearable technology have made such measurement possible anywhere [21] .
Modern wearable devices are inexpensive, compact, and require little power consumption; these advantages are quite attractive to their users. The technological advancement of wearable devices enables measurement and tracking for physical activities and physiological status of human in any place on the body. It can be worn on any part of the body such as the head, ear, eye, arm, trunk, finger, neck, and foot to perform tracking tasks [22] . It can not only be attached to external surfaces or in proximity to the human body but also even inside the human body. Some devices are even equipped with sensors to trace activities that can be located inside the body as they pass through the intestines [23, 24] in addition to functioning as an artificial ear and cardiac regulator that can be transplanted into the body. In the past, the size of front-end devices and sensor hardware that collect physiological and physical data appropriate for long-term monitoring was one of the main obstacles in the adoption of the sensing technology used in wearable devices. However, such difficulty has been overcome as the size of the electronic circuitry and sensors included in wearable devices have become miniaturized. Advancements in the microelectromechanical system field have not only enabled various types of sensors to collect physical and physiological data but also the implementation of very tiny wearable devices that can include units through which data can be transmitted remotely. Ultra-tiny flexible circuit-applied wearable devices are an example of such technology. Moreover, much improvement has been made on minimizing the fatigue and skin trouble felt by users due to long-term wearing or attachment, and this trend has introduced wearable sensor-embedded smart clothes [25] [26] [27] .
From Data to Information and towards Context-Awareness
Individualized big data has become a reality with the introduction of wearable computers. The exponential increase in wearable devices embedded with various sensors incurs different types of personal data production [28] . These data are highly unique due to the personalized characteristics of wearable devices and have the high potential that can obtain insights about a user's conditions. However, since they generate a vast amount of big data that cannot be handled with the current technology, often most of the data may not be sufficiently utilized. Wearable devices, including wrist type, headsets, glasses, and smartphones and devices such as medical equipment, collect data constantly in real time through user input and sensors. For example, a heart rate monitor can collect 250 samples per second and produce a number of gigabytes per person per month [12] . Thus, data should be processed and inferred to provide normal semantic information about the user context. In relation to this, much attention has been paid to processing the vast amount of data collected via physical and physiological tracking on individuals via wearables and analysis of correlations as new core technology trends in wearable computing [7, 29] . Methods of extracting and providing related information that can be easily accessed and utilized by users from the data flood collected via wearable systems that monitor user conditions have also been recognized as an important component of the technology. Data should not be collected simply for the purpose of collection. In other words, data collection should not be the sole aim; instead, data should be used as a medium that facilitates positive changes in individuals' lives. Flexible and dynamic data can be a source of power that can provide useful information and context for users more easily than ever before. Dave Evans, Cisco's chief futurist, said that future wearables should evolve into "aware-able" that can be context-aware rather than just play a simple tracking role [30] . This means that wearables should ultimately provide meaningful and appropriate services to users by identifying situations and contexts with high quality and interpreting user data into the information level. Wearables-based user context-aware technology can be achieved through adaptable data analysis technologies such as signal processing, pattern recognition, data mining, machine learning, and other artificial intelligence-based methodologies [31, 32] .
Wearable applications need to detect appropriate and required services according to user context depending on specific constraints and conditions. Norman mentioned in his article, the Paradox of Wearable Technologies, that "when technologies are used to supplement our activities, [and] when the additional information being provided is of direct relevance, our attention can become more highly focused and our understanding and retention enhanced. When the additional information is off target, no matter how enticing it is, that's the distracting and disruptive side [9] ." This means that when wearables provide unclean and indiscriminate information by ignoring user context, they can have an adverse effect on people. The inappropriate application of technologies despite their assistance in daily life can increase fatigue when accepting information and degrade work productivity. Although the following statement may be somewhat exaggerated, recent wearable applications do not edit information contents before displaying it to their users. That is, it seems that the content provided by wearable devices is just a bunch of data sets, with the expectation that users will find them useful or interesting. With the only visually appealing graphs and charts, data are displayed to users. This is a typical and repetitive mistake that has been made by many wearable device companies [7, 8] . In the midst of rapid growth in the wearable market, many suppliers claim that their wearable devices and applications are providing more functions and performance than others while making marketing efforts to be noticeable to potential users. However, little effort has been done to make wearables more useful from the user's standpoint. However, users should be aware to some extent that they need "more compact information" or "at least less useless information" in some cases. The ultimate purpose of wearables is to provide necessary information to users when they need it. Today's wearable sensors are all excellent in collecting data, but the ability to analyze and utilize data will be a deciding factor in the success of future wearables.
Ambient Intelligence, Internet of Things
Wearables provide assistance to users via devices independently or through simple smart accessories. However, the recent trend of wearable devices is integration with surrounding environments, although wearable devices still perform their jobs as independent entities [33] . Information collected through wearable sensors is augmented with information gathered from environmental sensors. The results of data collection using wearable devices can be strengthened by other sensors installed to determine the type and degree of activities performed by individuals in a particular environment. For example, innovative solutions to detect emergencies at home can be achieved by the integration of the monitoring of residents' critical physical parameters that can be collected directly from wearable devices with the tracking by other devices installed in the house or electronic appliances. Furthermore, remotely monitoring causes of potential risk factors around environments and spaces where people are located rather than focusing on individual data can make their lives easier and more comfortable. If necessary, operating heaters, coffee machines, or gas controllers remotely can be basic applications as in some examples [34] . Sensors embedded in electronic devices, exit doors, or windows at home can be integrated into home control systems that are provided for personal safety and security solutions [11] . In these ways, ambient intelligence under ordinary daily scenarios can be used to collect data from various sensors to understand the users' environments. All data are employed as they are combined and processed to enable users who operate easy-to-understand interfaces to make decisions.
Much attention has been paid to the advancement of wearable computing technology that can quickly change our society into a hyper-connected society. That is, with the popularity of wearables, the future world will extend its connection range from the Internet of People (IoP) in the past to the Internet of Things (IoT) and from there to the Internet of Everything. In the future, the era of living in the intelligent environment, where not only people, things and spaces, but also virtual worlds are integrated will come. In the current technological development that is directed towards creating a hyper-connected society, wearable devices will play a role as a tool that connects people with the world. The connection of wearables with other external environments induces potential possibilities that bring various types of prototypes and their deliverables. This can be understood more extensively from the viewpoint of IoT or ubiquitous computing. The role of wearables is not limited to just trackers of physical body status anymore; it can be extended to search for utilization methods by linking with external services after collecting various data about personal information generated by other apps and devices [35, 36] . In this process, wearable technology will have a significant role in achieving objective value. The ultimate goal of wearables, often proposed as the future direction, is a natural connection to other devices. Once the IoT becomes popular, the roles of wearables can exponentially expand in their environments. The added values that will be created by communication between surrounding things and machines that can identify user status the best will be numerous, because wearable devices are an essential element in recognizing user contexts to construct human-oriented environments in the IoT. Ultimately, users will have more potential when they are connected to various external services over the IoT environment.
The Requirement of Middleware Technology
One of the problems with implementing services that support users through wearables is the consideration of appropriate co-existence between various types of heterogeneous systems. In the future, it will be natural to combine a large number of wearable devices. It is necessary to synchronize data without problems with all types of human tracking data over heterogeneous environments including various devices, operating systems, and applications for both wearables and ambient intelligence to provide appropriate and useful user experience based on user context. To do this, it is desirable to abstract hardware functions and protocols from the higher layers with regard to various types of wearable devices or platforms. As a result, it is also highly important to study the middleware that controls and manages by integrating a large number of sensors. Middleware is
defined as an abstract layer between sensors and the application layer. Furthermore, it can refer to software and tools that can resolve the complexity and heterogeneity of base hardware and network platforms while facilitating the management of system resources and increasing predictability of application execution [37, 38] . It would be highly useful to process both user parameters collected through various sensors and all the measured environmental data at the middleware level. Although the requirements of wearable applications can differ from application to application, they generally include high flexibility, reusability, reliability, localized extensibility, adaptability, and contextual factors [39] . The adoption of middleware for wearable systems enables more efficient development of wearable applications that combine types of new devices without various external interferences.
The main element that provides wearable services in an individualized mode is the possibility of collecting multiple data from not only body-worn devices but also from environments where users are located. Most wearable applications are limited to body-worn sensors, but they will use multi-sensors from sensor networks where body-worn sensors and environment sensors are integrated. In wearables, a sensor network system is a crucial element for communication between user and environment and also between environments [40, 41] . These devices transmit data to wireless sensor network nodes equipped with communication interfaces, which do not need complex cable connections. Instead, a bigger problem is the lack of the computer resources required to process personalized data, including environmental data, at the middleware level for wearable systems. A wearable sensor collects a large amount of raw data about physical behavior and the physical states of users. The need for big data analysis solutions that extract hidden tendencies and conditions from the collected data has arisen. It is very difficult to manage, store, and process raw data in real time or near-real time; the high bandwidth and storage requirements incurred by real-time collection can create a serious problem [42] . Nonetheless, requiring that users carry high-performance computing devices at all times to process data would not be a preferable solution. Although compact wearable devices with central processing units (CPU) such as smartphones or smart watches have advanced significantly, their performance
is not yet sufficient to analyze big data that is continuously being collected. To solve this problem, an approach of accepting the cloud paradigm has been highlighted in recent years [43] . In this approach, main human data is analyzed at an internet-based remote system; through this, the insufficient capabilities of hardware, whose resources are limited, which can occur due to energy depletion, processing power, or memory size constraint, can be overcome. The need for real-time multitasking and the limitations of both computing performance and data storage capacity require data storage and the use from/to cloud-based remote servers. As wearables become increasingly cloud-based systems, wearables can better achieve low power consumption, platform-independent rapid deployment, and universal connection. A distributed process system over the cloud of such advantages has arisen as the primary technology trend to improve the limitation of middleware for wearables.
The Approach from Wearables for Sustainability to Enhance the Quality of Human Life
Recently, users and developers have started to realize that future wearable technology should evolve from its current state of only collecting simple physical activities or biometric data. Furthermore, prospects claimed by several researchers that wearable computers would not only improve the quality of life but influence all aspects of life have been realized today. The current wearable domain has attempted to improve the quality of life from sustainability viewpoints and adopt human-centered wearable applications and services for social public interest and safety beyond the concept of measuring physical body or environmental states while tracking and monitoring outcome data about various events which are changing over time, as mentioned previously. This approach may be explained by the model of Figure 3 , which is based on the social ecological model [44, 45] . In this regard, this chapter will discuss the concept of wearables in terms of sustainability.
has attempted to improve the quality of life from sustainability viewpoints and adopt human-centered wearable applications and services for social public interest and safety beyond the concept of measuring physical body or environmental states while tracking and monitoring outcome data about various events which are changing over time, as mentioned previously. This approach may be explained by the model of Figure 3 , which is based on the social ecological model [44, 45] . In this regard, this chapter will discuss the concept of wearables in terms of sustainability. 
User Centric Wearable to Enhance Quality of Individual Life
The initial adoption of wearable technology, which is aimed at improving individual quality of life, raised expectations of imaginable utilization such as not only improvements in personal work efficiency and health management but also future-oriented scenarios by many people in this field. However, it still seems that there is a long way to go to achieve the functionality that optimistic 
The initial adoption of wearable technology, which is aimed at improving individual quality of life, raised expectations of imaginable utilization such as not only improvements in personal work efficiency and health management but also future-oriented scenarios by many people in this field. However, it still seems that there is a long way to go to achieve the functionality that optimistic imaginations envisioned in the early days. Many wearable users have reportedly given up using their devices within six months after purchasing wearables that are categorized as commercial fitness [6] . The reasons that cause this problem include the technological issues mentioned earlier and various user experience factors related to the lack of understanding of user requirements, wearing sensation, and aesthetics in the cultural context [7, 8, 46] . Ultimately, the wearables preferred by users are light and comfortable as if they are not being worn, and provide only appropriate information whenever needed like a personal assistant. It is true that various areas of component technology such as the development of human body-friendly materials, the enhancement of sensor technologies, big data analysis, and artificial intelligence technologies should be supported to give a complete user experience. Although studies on these technologies have been conducted for a considerably long time, it may take a long time to commercialize technologies so that users feel satisfied. It is necessary to consider how to improve the usability and effectiveness of wearables using methods from the limited current technological level and the inherent aspects of wearables for how to satisfy users while also performing in-depth studies from the user perspective. Thus, it is important to base the design on users' experiences. This will not only provide new possibilities and interaction methods in the wearable environment but also enable wearable-based user-aid services, which will be more adaptable and natural to improve users' quality of life. Next, the items that need to be considered in user experience-based design of wearables are discussed to improve the quality of life [47] .
‚
Unmonopolizing: Interaction with the wearable devices should be a secondary activity rather than a primary focus of attention. 
Wearables for Social Impact and Public Interest
By adopting wearables, efforts that focus on both quality of human life improvements and sustainability values based on social impact can be created. Today, many people tend to regard social impacts as purely charitable work through financial or human resource support. However, technologies and innovation can also be understood as a critical approach that can play a decisive role in growing the social impact sector. The United International Children's Emergency Fund (UNICEF) proposed an interesting contest about wearable design called the "Wearable for Good Challenge" and awarded prizes in the autumn of 2015. The topic of this contest was to design solutions for innovative and inexpensive wearable devices and sensor technology that can be helpful for people living in resource-limited environments (such as children and women in developing countries) [48] . In addition, it was to facilitate wearable solution development for social good by collecting communities of social impacts, designs, and technologies as one. In light of these objectives, UNICEF seems to interpret the definition of wearable technology in a broader sense. UNICEF claimed that the current roles of most wearables that focused on helping users by improving productivity were short-sighted applications and only a fraction of the work that could ultimately be achieved by wearables [49] . UNICEF have adopted and applied innovative wearable technologies at its social impact activities. The claims and activities by UNICEF make us think about the goal and ethical implications of wearable research. This means that wearables are not only helping users to become more productive but are also improving the quality of life, thereby evolving into a role of promoting social public interest. In this regard, UNICEF proposed the following prior conditions for future wearables [48] .
‚
Cost Effective: Can be executed en masse in low-cost areas, with a demonstrated business case and need ‚ Low Power: Runs off a battery, has a long battery life (possibly alternate energy, is power efficient where there is no power) ‚ Rugged and Durable: Is waterproof, shockproof, weatherproof, heat resistant, easily stored, and built to last ‚ Scalable: Can be applied to various environments and communities, consider larger ecosystems, easily produced/developed, easy to use, and easy to maintain (fixed/addressed by local skill)
Although wearables are currently perceived as interesting tiny portable devices, we believe they will get the opportunity to spread all over the world for critical fields such as responding to social crises in the near future. Wearable technology will likely play a major role in helping public protection activities, which is highly important both nationally and socially. These proposals should not be limited to the socially vulnerable; they need to be considered as broad as possible regarding public protection in order to ensure individual safety and comfort and to maintain social stability. In this context, the current price of wearable devices makes it difficult for them to spread throughout society. It would be too expensive for organizations to replace damaged devices or parts when they are broken during use. This problem is a critical factor and may even cause organizations to abandon the use of wearables despite their potential advantages. Ensuring power and durability is also a highly sought requirement in terms of the safety of disaster relief personnel and law enforcement officers entering dangerous situations that require intensive concentration. If batteries embedded in devices are large or heavy enough to restrict relief activities or if wearable equipment is easily damaged due to tough environment conditions, their lives are put in jeopardy. Thus, ensuring power and durability is an essential requirement that wearables should provide. Another consideration is that easy-to-use interfaces should help responses to the urgent situation quickly and the issue of unreachable or out of range network infrastructure should also be studied critically.
These approaches will be excellent guidelines for wearables to enter a new domain for the social impact on the socially vulnerable, public protection, and improvements in the quality of individual life, which has not yet matured completely. Wearables that aim to achieve a broad range of objectives from user experience improvements and individual quality of life to social public interest should not focus on the myopic perspective that concentrates on technology development affecting only a single area. Instead, it is necessary to have a comprehensive approach that takes overall ecosystems surrounding individuals (or users) into account. Successful sustainable wearables will lead to positive changes in systems for both individuals and society overall.
Applications of Sustainable Wearables
The first ten years of wearable technology emphasized research on the engineering of wearable sensors and systems. However, future wearables are focused on wearable technology applications that are directed to improvements in the quality of life and the value of life. In this chapter, specific wearable applications are discussed in terms of sustainability focusing on improvements in the quality of life and social public interest. The following applications, as it deems appropriate for the concept of sustainable wearables mentioned in Chapter 3, were selected through an extensive literature survey by Google Scholar and others.
Wellness and Healthcare
The fitness field is one of the most familiar wearable applications that we experience every day. In practice, the majority of related products including software and applications have been launched in this field. Furthermore, there have been many attempts to converge wearable technology for expanding this market [22] . By combining position-based tracking such as a global positioning system (GPS), motion tracking using accelerometers and gyroscopes, and physiological tracking via heart rate monitors, which are the most fundamental utilization included in wearable devices, user logs such as distance moved, calories consumed, and average speed can be calculated. Furthermore, the use of physical posture detection sensors can propose the optimum exercise routine after examining whether users are exercising correctly [50] . Wearable technology encourages active and healthy lifestyles, so it can be utilized to monitor physical activities to improve the health and physical strength of those who need exercises such as obese people or those who lack exercise due to work; it can also facilitate clinical intervention [51] .
Many research groups have looked into the possibility of wearables to accelerate healthcare beyond simple fitness assistive applications used by individuals. An extensive study on remote monitoring applications based on wearables has been conducted in the healthcare field, mainly for the elderly who have difficulty in their daily lives and patients with movement disorders due to fatal chronic diseases such as Parkinson's disease, stroke, or dementia [14, 42, 52] . These patients need constant assistance from guardians such as family members or caregivers because they cannot live normally without help. Hence, related studies aim to improve their quality of life by monitoring their health condition, behavior, and signs of worsening symptoms, while also providing information about condition changes over time, thereby enabling independent and comfortable daily life activities. In addition, it helps with the management of chronic diseases by exchanging information about patients' health conditions in real time among patients, doctors, and family members. Wearable devices attached to patients play an important role in improving diagnosis and treatment methods by monitoring physiological data such as heart rate, blood pressure, oxygen saturation, respiration rate, body temperature, and electrical skin reaction over a long time [50] . The parameters extracted from these measurements can provide indices for health conditions of patients with significant diagnostic value [50] . Until comparatively lately, the constant monitoring of physiological parameters was only possible at hospitals, but patient data now can be monitored in real time during normal home life. The technological development can help doctors determine the symptoms of patients more accurately.
The wearables can now be utilized even in the remote rehabilitation treatment field. For example, intensive long-term rehabilitation is a major factor in ensuring the recovery of reduced exercise function after the onset of a stroke. Tracking the change in conditions of exercise functions can be utilized as a feedback means to guide appropriate rehabilitation processes [53] [54] [55] . Furthermore, remote home-rehabilitation applications based on wearables increase the time that patients can stay at home instead of visiting hospitals for the purpose of treatment, thereby reducing treatment costs. These remote applications can also be utilized to monitor the safety status of patients with movement disorders. A broad range of wearable devices that are integrated with wireless networks can track and analyze patients' movement status such as walking, spotting movement difficulties, thereby automatically sending alarms or urgent call messages to their family members or caregivers when patients fall or experience a sudden shock [56] [57] [58] . These applications can both detect physiological states of patients and enhance their sensitivity of detection by combining with motion sensors such as accelerometer mounted in wearable sensors in the patient's home environment. They may help patients with their daily living and reduce the stress on family members by providing accurate information after analyzing data streams in order to monitor health conditions, daily living activities, and urgent situations.
Aid for the Disabled
A high percentage of visually impaired people are always exposed to the risk of falls and collisions in the street [59] . Wearables can give visually impaired people the opportunity to extend their daily living areas safely and easily, and this can also help other vulnerable people whose daily lives are limited to their homes. These applications will play a role in providing useful information that can replace or overcome deficient visual senses [60, 61] . For example, wearable devices in which Wi-Fi, Bluetooth, GPS, and magnetometers are embedded along with various other sensors to collect environment information can help visually impaired people navigate streets with confidence despite their weak vision. Through a combination of wireless sensor network technology and ambient intelligence technology, various pieces of information about the surrounding environment are transmitted to a wearable device, allowing them to detect the presence of obstacles, thereby giving notice of risks in advance while the visually impaired person is walking. It is also now possible to have an Internet connection and wireless communication via 3G or LTE (Long Term Evoltution) that covers a wide range of areas, so that constantly updatable location-based information such as the current location and direction, surrounding buildings, and travel path to a destination can be provided to a user through built-in speakers in the wearable. It is also possible to re-route paths to a destination if a visually impaired person goes in the wrong direction or gets lost on the way and gives notice to family members if the visually impaired person is hit by a car or another such emergency situation occurs. There are even cases in which visually impaired people have participated in active sports such as marathons through the assistance of similar wearable devices [62] . Images collected from high-performance camera sensors embedded in glass-type wearable devices enable more accurate recognition of objects in front of a person through computer vision technology [38] . This type of application helps visually impaired people operate electric appliances such as microwaves or washing machines as well as perform some detailed operations accurately such as pushing buttons on an automated teller machine (which might be easy for normal sighted people). The development of various types of wearable applications for visually impaired people can help them do many important tasks in their daily lives, thereby making their lives more complete.
Disaster Relief and Public Protection
Disasters have been on the rise around the world, affecting economies, infrastructures, and creating serious human casualty statistics. Despite the rapid development of technology and science, humans are still vulnerable in disasters. Responding to disasters quickly is one of the most important issues both nationally and socially. In this regard, there are studies on the use of wearable technology during disasters. Several studies on wearable applications that help response to urgent situations of people who work in dangerous and hostile environments appropriately and monitor their safety status have been published [63] [64] [65] . The typical accomplishment of the related studies is the development of wearable devices and clothing for emergency disaster relief personnel such as firefighters through wearable sensor networks and body-area network technologies used to monitor individual physiological status and the statuses of surrounding environments. These wearables are miniaturized with low power consumption, and they include sensors and data transmission devices that can endure the harsh conditions. Through these wearables, parameters related to the biological signals and health status of firefighters in addition to environmental variables such as outdoor temperature at the disaster area, presence of toxic gases, and heat flow applied to the worn clothing can be constantly detected. These data are processed and analyzed remotely in real time, thereby facilitating monitoring fatigue level and the focus state of attention felt by relief personnel under critical situations where a high degree of concentration is required. Relief personnel can also receive appropriate treatment before their critical biological signals reach fatal conditions and assistance can respond rapidly and accurately to changes in relief field circumstances.
In another example, people who maintain order such as police officers can get some help [66] . Police officers who conduct early response duties such as law enforcement have employed light wearable devices that are attached to heads, wrists, hands, pockets, shoulders, or weapons so that their hands remain free without interrupting their tasks. In the future, more wearable devices will be employed as daily routine devices for patrol officers. On-body evidence capture is one of the most well-known wearable technologies used for law enforcement; with the development of wearable technology, on-body cameras have started integrating with other various functions provided by wearable devices in general. Built-in liquid crystal head-up display, wide-view camera, microphone, touch pad, and smart network devices for data transmission, which are developed for hands-free technology for police officers were developed as a glass shape device (similar to Google Glass) for on-body evidence capture. These devices can be used for relatively simple tasks such as vehicle plate recognition and driver license examination as well as criminal identification through facial recognition technology by processing and analyzing data constantly collected using video and audio gathered automatically from a remote place rapidly. Furthermore, the measurement of physiological status can be applied to police uniforms or bulletproof vests for police officers on duty in dangerous situations such as car chases or shootings. Critical information such as heart attacks or other various fatal incidents that occur during car collisions or shootings can be transmitted to other colleague police officers or police departments, helping them respond to urgent circumstances quickly. If a policeman is shot by a suspect while chasing them after getting out of their car, wearables that are capable of wireless network communication with various sensors may increase the probability of finding the police officer's location quickly, thus saving their life.
Conclusions
This paper provides a comprehensive review of wearable technology fields in terms of sustainability, focusing on improving the quality of life, social value, and public interest. This paper first selected the following subjects as the main wearable technology trends in recent years: Sensor devices that track and collect human data for user monitoring, context-aware technology that processes and analyzes collected data and provides useful information to users, the evolution into wearable technology that is extended through a combination of users' physical bodies and the surrounding environment, and middleware technology that provides efficient wearable applications. In addition, this paper discussed the requirements and future directions of sustainable wearable technology. Finally, wellness, healthcare, disaster relief and public protection as well as case studies on wearable applications for the disabilities were briefly summarized. Through the above discussions, the inherent meaning of wearables, which extend the mind and body of individuals to direct the sustainable wearable technology was examined, and positive effects and great potentials, which aimed to improve the quality of individual life and social public interest, were verified. This paper emphasized that wearables in the future will not be simple data trackers or interesting accessories but should have extended objectives and meanings that play valuable roles for both individuals and societies.
The future wearables will collect more accurate and diverse individual information than ever and will be utilized in wider areas. They will also provide accurate and needed information at the right time to the user. Future wearables will be easier to use, more convenient, wearing them will not be bothersome, and they will operate non-invasively and eventually be invisible. However, several obstacles must be overcome for wearables to achieve their potential completely. The technological and policy-related obstacles that must be overcome are as follows: the potential risk of private information leakage due to wearable devices' capabilities to collect a vast amount of information; strict and cautious regulations on wearable technology's participation in medical activities, whether directly or indirectly; the development of power supply devices that are tiny, stable, and have longer battery life; the expansion of wireless communication range; integration with non-standardized sensors and platforms; improving the reliability of sensors, and the improvement of artificial intelligence [67] [68] [69] [70] [71] . Despite the above challenges and obstacles, various studies on sustainable wearables will need to be carried out to solve the above issues. In Chapter 3, we mentioned that successful sustainable wearables will lead to positive changes in both individuals and in societies as a whole. From the viewpoint of sustainable wearables, both for the quality of life and for the social value and public interest, which are the theme of this paper, a new direction will be found to pioneer a new domain of wearables.
